A lack of vitamin D seems to be related to autoimmune diseases including autoimmune thyroiditis (AIT). This study intends to determine the correlation between improvement of 25-hydroxyvitamin D [25(OH)D] levels and AIT in patients from an outpatient endocrine clinic in Frankfurt, Germany. This study included 933 patients with thyroid peroxidase antibodies (anti-TPO-Ab) ≥ 34 kIU/l, including most patients with clear AIT due to a concurrent sonographic evidence of reduced echogenicity. We performed clinical evaluation and laboratory analysis at five points in time within two years retrospectively. Due to a high dropout rate within the observation period, we excluded the last two time points from analysis. Data from 933 AIT patients revealed 89 % having vitamin D deficiency or insufficiency [25(OH)D < 75 nmol/l] with a median 25(OH)D level of 39.7 nmol/l. At baseline, a weak inverse correlation between 25(OH)D and anti-TPO-Ab was observed during winter (r s = -0.09, p = 0.048*), but not during summer time (p > 0.2). We discovered 58 patients having initially a 25(OH)D level < 75 nmol/l (median: 40.2 nmol/l), which improved over time to a 25(OH)D level ≥ 75 nmol/l (median: 83.2 nmol/l, p < 0.0005***). Simultaneously, the median anti-TPO-Ab level showed a significant decrease of 25 % from 245.8 to 181.3 kIU/l (p = 0.036*). A significant reduction of the median anti-TPO-Ab level of 9 % was also observed in the control group, which consisted of patients having constantly a 25(OH)D level < 75 nmol/l. The result may suggest that in particular patients with 25(OH)D levels < 75 nmol/l benefit from an increase of 25(OH)D levels ≥ 75 nmol/l. Further prospective randomized controlled clinical trials are needed to finally evaluate if vitamin D has immunmodulatory effects in AIT.
Introduction
Autoimmune thyroiditis (AIT) is not only one of the most prevalent human autoimmune diseases, but also the most frequent cause of primary hypothyroidism. It is characterized by lymphocytic infiltration of the thyroid gland with subsequent gradual destruction and fibrous replacement of thyroid tissue. A German epidemiological study, the "Study of Health in Pomerania" (SHIP), showed the prevalence of thyroid peroxidase antibody (anti-TPO-Ab) positivity to be 7 %; 4.1 % having a anti-TPO-Ab level > 200 IU/ml [1] . 1.2 % of the subjects had a positive anti-TPO-Ab titer and showed the sonographic features of AIT [1] .
The pathogenesis of AIT includes the cellular and humoral immunity. Initial infiltration of the thyroid gland contains antigen-presenting cells (APCs), in particular dendritic cells (DCs) [2] . APCs present thyroid-specific autoantigens to CD4-positive T lymphocytes, which may induce AIT in case of disturbed immune tolerance. The pathogenesis includes different subpopulations of T-lymphocytes e. g., CD4-positive T lymphocytes (T H 1, T H 2, T H 17, T reg ) and CD8-positive T lymphocytes. Autoantibodies are produced by B-cell-derived plasma cells.
The diagnosis of AIT is based on the presence of antibodies against thyroid specific antigens, primarily anti-TPO-Ab and on a sonographically proven reduced echogenicity of the thyroid parenchyma. In regard of thyroid specific autoantibodies, the proof of anti-TPO-Ab is considered the most sensitive diagnostic marker for AIT [3] .
Vitamin D is essential for calcium homeostasis, phosphate metabolism as well as bone health. In recent decades, however, it has been recognized that the vitamin D receptor (VDR) and vitamin D activating enzymes are expressed in far more tissues, suggesting that the functions of vitamin D go beyond the skeletal effects [4] [5] [6] . The active metabolite of Vitamin D, 1,25-dihydroxyvitamin D [1,25(OH) 2 D 3 ], is considered a potent immune modulator with influence on the innate and adaptive immune responses (▶Fig. 1).
The first indications for the influence of vitamin D on the immune system derive from the 1980s, in which the presence of the VDR in activated human immune cells was detected [5] . Nowadays, it is well known that the VDR is present in various subpopulations of immune cells, for example, in activated CD4-and CD8 positive T lymphocytes and APCs such as macrophages and DCs [5, 7] .
Different studies showed that Vitamin D deficiency is associated with the occurrence and progression of autoimmune diseases [8] [9] [10] . The connection between vitamin D and autoimmune disease was derived from studies that have found a link between the prevalence of certain autoimmune diseases and sun exposure. Whether this effect is due to the moderate ultraviolet (UV) radiation itself, the subsequent increased 1,25(OH) 2 D 3 synthesis or a combination of both is unclarified [11] .
There is an association between increasing incidence and prevalence and higher latitude for autoimmune diseases, including type 1 diabetes mellitus, multiple sclerosis and rheumatoid arthritis [8] [9] [10] .
▶Fig. 1 Overview of the effects of vitamin D on the immune system [adapted from 36]. Immune cells are able to convert 25(OH)D to active 1,25(OH) 2 D 3 and subsequent respond to 1,25(OH) 2 D 3 due to vitamin D receptor expression. Vitamin D can modulate the innate and adaptive immune response. Modulation of innate immune response includes monocyte stimulation and therefore, an increased chemotaxis, phagocytosis and production of antimicrobial peptides. Effects of 1,25(OH) 2 D 3 on T lymphocytes include the limitation of inflammatory T H 1-and T H 17-response, shift towards anti-inflammatory T H 2-phenotype and induction of regulatory T lymphocytes (T reg ). 1,25(OH) 2 D 3 affects maturation and activity of dendritic cells: 1,25(OH) 2 D 3 induces tolerogenic dendritic cells due to decreased expression of MHC-II, the co-stimulatory molecules CD40, CD80, CD86, a reduced IL-12-secretion, and an increase of the anti-inflammatory cytokine IL-10. 1,25(OH) 2 D 3 comprises also direct effects on B lymphocytes: it is capable to limit the proliferation of activated B lymphocytes, induce their apoptosis, and inhibit plasma cell differentiation, and therefore also the synthesis of the antibodies IgG, IgM, and memory B cells.
Considering recent studies, the association between vitamin D levels and AIT is still conflicting. While some studies detected a significant negative correlation between serum 25(OH)D and anti-TPO-Ab levels [12] [13] [14] , others did not reveal this correlation [15] [16] [17] . Most current evidence suggests a higher rate of vitamin D deficiency in patients with AIT compared with controls [12] [13] [14] [15] [18] [19] [20] .
In view of this controversial results, this study is planned to evaluate the vitamin D status in patients with AIT from an outpatientʼs endocrine clinic in Frankfurt, Germany.
Subjects and Methods
Our study population included 933 patients (856 females and 77 males; mean age 43.4 ± 14.4 years) who presented at our outpatient endocrine clinic between 2003 and 2013. The diagnosis of AIT was based on elevated anti-TPO-Ab ≥ 34 kIU/l and sonographic pattern suggestive for AIT. All 933 patients had elevated anti-TPO-Ab, most patients had a clear AIT due to a concurrent sonographic pattern suggestive for AIT. We performed clinical evaluation including daily medicine intake [vitamin D and levothyroxine (LT4) dosage] and laboratory analysis such as measurement of anti-TPO-Ab titers and 25(OH)D levels as well as parathyroid hormone (PTH) levels, thyrotropin (TSH) levels, and free thyroid hormones levels at five points in time within two years retrospectively. Due to a high dropout rate within the observation period of 97.5 %, we excluded the last two time points from analysis.
Also excluded from this study were pregnant patients including the first 12 weeks after delivery. Immunological changes occurring within this period can be responsible for a drop in autoantibody levels [21] [22] [23] . Written informed consent was obtained from all participants. Approval of ethics committee was granted in September 2006.
Laboratory tests
Serum concentration of 25(OH)D was measured using electrochemiluminescent immunoassay (ECLIA) kit from Roche Diagnostics, Germany. In regard to Holick et al. 25 (OH)D levels < 50 nmol/l were classified as vitamin D deficiency, levels between 50 and 74.9 nmol/l as insufficient and a 25(OH)D concentration ≥ 75 nmol/l was considered sufficient [24] . Anti-TPO-Ab level was assessed by ECLIA kit (Roche Diagnostics, Germany). Patients with anti-TPO-Ab ≥ 34 kIU/l were considered positive for anti-TPO-Ab. Levels of free triiodothyronine (fT3), free thyroxine (fT4) and TSH were measured using ECLIA kits (Roche Diagnostics, Germany).
Statistical analysis
All parameters are presented as mean ± standard deviation as well as median, 25 th and 75 th percentiles (lower quartile/upper quartile). The statistical program SPSS 23 (SPSS, Chicago, IL, USA) and R (R Core Team 2019). R Foundation for Statistical Computing, Vienna, Austria) were used for all analysis. Normality of the distribution was evaluated using Kolmogorov-Smirnov-Lillierfors test.
Since the tests indicated that variables did not follow normal distribution, nonparametric tests were used. Spearmanʼs correlation coefficient was used to analyze the correlations among the variables. To detect differences between two or more than two groupsʼ of medians, Mann-Whitney, van Elteren [in order to stratify for season (May-Oct., Nov.-Apr.)] or Kruskal-Wallis tests were applied. Differences between time points were determined by Friedman and Wilcoxon tests, the influence of relevant covariables as season was analyzed using conditional inference trees [25] . Binary data was evaluated by chi-square test and McNemarʼs test. Bonferroni correction was used of adjusting p-value for multiple testing. All tests were two-sided and p-values ≤ 0.05 were considered statistically significant.
Results
At first visit, data from 933 patients (100 %) were considered. The following visits within the observation period of 24 months contained data from 355 (38 %), 194 (20.8 %), and 80 (8.6 %) patients respectively.
The mean time interval between the first and the second visit was 8.5 ± 6.7 months and between the second and the third visit 6.3 ± 6.2 months.
The baseline characteristics of the 933 AIT patients of the study participants are presented in ▶ table 1. The vast majority of patients enrolled in our study were women (91.7 %). The mean age of disease onset was 35.5 ± 13.8 years and the mean disease duration at study enrollment was 4.9 ± 5.5 years.
The most frequent concomitant autoimmune disease were rheumatoid arthritis, vitiligo, and psoriasis vulgaris.
▶ table 2 reveals the laboratory characteristics at three points in time. Amongst cases, the mean TSH was 2.9 ± 7.6 mIU/l (reference interval: 0.27-4.2 mIU/l), fT3 was 2.3 ± 0.6 pg/ml (reference interval: 2-4.4 pg/ml), and fT4 was 13.3 ± 3 ng/l (reference interval: 9. Fig. 2) . Anti-TPO-Ab levels revealed no opposite rhythmic patterns of the seasonality. At baseline, a weak inverse correlation between 25(OH)D levels and anti-TPO-Ab levels was observed during winter (r s = -0.09, p = 0.048), but not during summer time (p > 0.2).
For the whole cohort, a significant increase of 25(OH)D levels were shown between the first and the second visit (43.3 ± 23.5 nmol/l to 48.5 ± 26 nmol/l, p < 0.0005***), however not during subsequent measurements.
Via regression tree modeling we identified five subgroups for change in 25(OH)D levels between the first and the second measurement, dependent on the season of the first and second measurement (Nov.-Apr., May-Oct.) and vitamin D intake during the time of the second measurement. Vitamin D intake during the time of the first measurement had no significant influence. If vitamin D intake during the time of the second measuring was present, a significant increase in 25(OH)D levels was observed independently of seasons (p < 0.0001***, median change 27.9 (interquartile range: 9.7; 43.2). If both measurements took place in summer or both in winter, no significant change in 25(OH)D levels was observed (p = 0.16 and p = 0.08, respectively). If the first measurement took place in winter, the second measurement in summer 25 The anti-TPO-Ab level decreased from 293.5 ± 259.3 kIU/l to 269.9 ± 241 kIU/l (p = 0.0005***). Although LT4 therapy correlates with anti-TPO-Ab levels at baseline, we did not find any correlation for the second measurement and LT4 nor vitamin D intake and change in anti-TPO-levels (p > 0.2): Via regression tree modeling we observe that neither LT4 and vitamin D intake nor change in 25(OH)D levels seem to influence change in anti-TPO-Ab levels significantly. As expected, there was a negative correlation between the 25(OH)D level and the PTH level (winter: r s = -0.29, p < 0.0001***, summer: r s = -0.25, p < 0.0001***) as well as the 25(OH)D level and the body mass index (kg/m 2 ) (winter: r s = -0.17, p = 0.0004*** summer: r s = -0.28, p < 0.0001***). There was no significant negative correlation between TSH and 25(OH)D levels (winter: p > 0.2, summer: r s = -0.08, p = 0.07).
We discovered 58 patients having initially an inadequate level of 25(OH)D < 75 nmol/l (median: 40.2 nmol/l), which improved until the second visit to a sufficient level of 25(OH)D ≥ 75 nmol/l ( + 107.2 %, median: 83.2 nmol/l, p < 0.0005***) due to self-supplementation of vitamin D or intake prescribed by physicians or due the influence of seasons. Simultaneously, the median anti-TPO-Ab level had a decrease of 24.6 % from 245.8 kIU/l to 181.3 kIU/l (p = 0.036*) (▶ Fig. 3) . The control group consisted of patients which had constantly a 25(OH)D level < 75 nmol/l (at first and second presentation), but nevertheless the 25(OH)D level showed an ▶table 2 Laboratory characteristics of our study population. increase of 39.7 % between this two points in time. A statistically significant reduction of the median anti-TPO-Ab level of almost 9 % was also observed in the control group. The difference in reduction of anti-TPO-Ab levels between both groups was not statistically significant (p > 0.2).
Discussion and Conclusions
Many recent studies address the relationship between the serum 25(OH)D level and autoimmune disorders like AIT. The present state of studies is still controversial. While some studies have found a significant negative correlation between serum 25(OH)D and anti-TPO-Ab levels [12] [13] [14] , others did not detect this correlation [15] [16] [17] . Many studies revealed a significant higher rate of vitamin D deficiency among patients with AIT compared with controls [12] [13] [14] [15] [18] [19] [20] .
The main focus of our analysis was the association between the vitamin D status and AIT. Vitamin D status was assessed by serum concentrations of 25(OH)D; autoimmune activity of AIT by measurement of serum anti-TPO-Ab levels.
At baseline, we observed a weak inverse correlation between 25(OH)D and anti-TPO-Ab level during winter, but not during summer time. Further points in time revealed no significant correlation. A significant increase of 25(OH)D levels was observed between the first and the second visit. Simultaneously, the anti-TPO-Ab concentration decreased significantly. After the time of 8.5 ± 203.2 months, no further increase in 25(OH)D levels was detected. This limitation may be due to retrospective study design. Therefore, association beyond this period cannot be evaluated. Another limitation is, that there was a nonsignificant trend toward higher LT4 intake at the second point in time, which may also lower anti-TPO-Ab levels. A number of studies revealed the same effect of treatment with LT4 on anti-TPO-Ab levels [26] [27] [28] . Chiovato et al. showed that expression of thyroid microsomal autoantigen on differentiated rat thyroid cells (FRTL-5) is dependent on TSH in cell culture [29] . Indirect immunofluorescence revealed no cell surface expression of thyroid antigen after TSH elimination [29] . Thus, LT4 intake leads to a decrease in TSH-levels, may lower expression of thyroid antigen followed by a reduction in anti-TPO-Ab levels [30] .
Our data show that there is a significant positive correlation between anti-TPO-Ab and TSH-levels. This relationship confirms the progressive thyroid cell damage due to autoantibodies and subsequent elevation of TSH-levels. A negative correlation was also found between TSH-levels and 25(OH)D-levels, which is in accordance to the case-control study from Mansournia et al. [15] . This relationship may be an indicator of changes in thyroid function due to vitamin D and its influence on autoimmunity. In the end, it is not only important if vitamin D lowers anti-TPO-Ab levels but also if it has an influence on thyroid function and necessity of thyroid hormone substitution.
The main focus of our study was the association between the vitamin D status and anti-TPO-Ab levels. We discovered 58 patients having initially an inadequate level of 25(OH)D which improved over time to a sufficient level ( + 107 %, p < 0.0005***). This improvement took place after 11.4 ± 6.6 months. Simultaneously, the median anti-TPO-Ab concentration had a decrease of 24.6 % (p = 0.036*). There was no significant difference in LT4 intake and TSH levels (p = 0.154 and p = 0.061, respectively). Hence, we assume that LT4 intake did not influence the reduction of anti-TPO-Ab levels. A statistically significant reduction of the median anti-TPO-Ab level of almost 9 % was also observed in the control group.
Here it has to be taken into account, that the 25(OH)D level also had a significant increase.
The result of the present subgroup analysis may suggests that in particular patients with deficient or insufficient 25(OH)D levels benefit from an increase of 25(OH)D levels ( ≥ 75 nmol/l), although the difference between the subgroups did not reach statistical significance. These results are in accordance with three prospective studies from Greece [13] , India [31] , and Poland [32] , which addresses the effect of vitamin D3 substitution on anti-TPO-Ab levels. Mazokopakis et al. found a significant decrease of anti-TPO-Ab levels in the 186 AIT patients after 4 months substitution of vitamin D3 1200-4000 international units (IU) [13] . The randomized, controlled trial with 102 AIT patients from Chaudary et al. revealed a significant reduction of anti-TPO-Ab titers in the intervention group (vitamin D3 60.000 IU weekly and calcium 500 mg/day for 8 weeks) with TSH-levels ≤ 10 mIU/l in comparison to control group [31] . A very recent study with 34 affected women receiving LT4 for at least 6 months and normal vitamin D status [25(OH)D above 30 ng/ml ≅ above 75 nmol/l] showed that intake of vitamin D3 2000 IU/day reduced titers of thyroid antibodies after 6 months [32] . Not only reduced exposure to UV-B radiation, but also VDR, vitamin D binding protein (DBP), and 1α-hydroxylase (CYP27B1) gene polymorphisms can lead to impaired immunomodulatory properties of vitamin D [33] [34] [35] .
Whether vitamin D deficiency is a causal factor in the pathogenesis of AIT or if vitamin D deficiency is a consequence of AIT with subsequent hypothyroidism is not clear. Our data cannot provide evidence of causality. Therefore, further prospective randomized controlled clinical trials are needed to finally evaluate if vitamin D has immunmodulatory effects in AIT and to determine the optimal serum 25(OH)D levels in patients with autoimmune disorders.
